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ABSTRACT

SANSM C is a conputer code used to predict the devel opnment of axisymetric
caverns which are solution mned in salt fornations. It was witten to aid
in the design and operation of Strategic Petrol eum Reserve oil storage caverns.
For a prescribed | eaching schedule, the code cal cul ates volune and shape
changes, including the case of leaching during oil injection (leach-fill)
and withdrawal by fresh water displacenent. This manual contains a brief
description of the nodels used in SANSM C, some conparisons with field data,
and detailed instructions for the useof the code as it is currently configured
to runon the Sandia CRAY, VAX 117780, and Cyber 76 conputing systens.
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| NTRODUCTI ON

The United States Strategic Petroleum Reserve (SPR) consists of an
underground oil storage system which uses caverns |eached in salt dones near
the Gulf of Mexicoand a former salt mine on Weks Island, Louisiana. Some of
the cavern space, formed during comrercial brining operations, was available
for storage shortly after the program began; however, since this space was
less than 250 nmillion barrels, and storage of up to 1 billion barrels is
bei ng considered, the Departnent of Energy (DOE) has undertaken an extensive
solution mining program

The new | eached caverns will eachhold 10mllion barrels of oil. They
are approximtely 2000 feet tall with the cavern roofs set several thousand
feet below the surface. The caverns are designed to accomodate five wth-
drawal cycles of oil with the oil being displaced by fresh water. Therefore
initially, the bottom diameter (160 feet) is made smaller than the top dianeter
(240 feet) so that the shape will not deviate significantly fromcylindrica
during the cavern lifetime

Because there was urgency to fill the reserve as rapidly as possible,
consi derabl e attention was given to devising a | eaching scheme which woul d
yield not only the desired size and shape of cavern but would do it in the
shortest practical time. At one tine this appeared to be acconplished best
by using a leach-fill strategy in which the cavern woul d be sinultaneously
filled with oil as the |eaching proceeded. To start the cavern, severa
well's could be drilled and sinultaneously |eached until the cavities coal esced
to forma sunp.

The need to nodel the solution mning process in order to plan and
devel op these new caverns was obvious. However, because no project of this
magni t ude had ever been attenpted before, confidence in existing nbdels had
to be tenpered. One of the tools which had been successfully used to devel op
smal l er caverns was the SMRI code SALT77 described in Reference 1. Thi s
code proved very useful for planning some portions ofthe |eaching program
and devel oping early |eaching schedules. The need to handl e noving blanket
probl ems (necessary in leach-fill and oil wthdrawal analyses), which SALT77

was not structured to do, and to performa very |arge nunber of calculations
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efficiently, led to the devel opment of a new code, SANSM C, which utilizes
the same dissolution nodel as SALT77, but which includes new diffusion,
plume, and insolubles nodels and uses an inplicit numerical fornulation.
This report describes the nodels used in SANSM C, sone exanples of its
application to the SPR program and instructions on the use of the code.

SANSM C users are CAUTI ONED that the nodels enployed in this code are
steady-state or quasi-steady nodels and that the code has only been verified
with experinental data from SPR caverns which have large |ength-to-diameter
ratios. These caverns were |eached with flow rates in the 105 barrel per day
range. Operation in a different flow rate or geonetry range nmay not give
similar accuracy. In particular, laboratory and field experience indicates
that water injected in short bursts, after which the enclosure is allowed to
stabilize, rises to the top of the enclosure with little mxing and tends to
etch out a narrow disk just bel ow the blanket or pad. SANSMC will not nodel

this behavior properly.



THEORY

Basi ¢ . Equat.i ons.

The details of the theory used in devel oping the conputer code SANSMIC
are contained in Reference 2, however, for the reader's convenience a brief
description of the basic equations and nodels used will be included here.

Wen a vertical salt surface is exposed to unsaturated brine, a negatively
buoyant dissolution boundary layer is forned next to the surface. Figure 1
shows the geometry and flow regions in a cavern. Application of a nomentum
integral analysis to this boundary layer and a series of verification experi-
ments by Durie and Jessen3:4 showed that when the peak fall velocity of
this boundary |ayer was |arge conpared to the edge or bulk velocity of the
brine, the dissolution rate at a given tenperature varied only with the bulk _
concentration of the brine and the distance along the boundary layer. Their

experiments also showed that the transition to turbul ence occurred in very
smal | length scales (typically nmillimeters). By analogy with turbulent heat
transfer by natural convection on a long vertical surface, the distance depen-
dence of the dissolution rate could be neglectea®. The salient results of
this dissolution analysis are summarized in Reference 1

The recession rate of a large vertical wall of salt dissolving under
the influence of natural convection can be correlated as a function of only
the bulk fluid specific gravity, C, at tenperatures near 75°F.

dr (ft/hr) = 45.654996 c4 - 232.29310 c3 + 469.52470 c2
at

- 470.37554 C + 232.73686 - 45.203241 /C (1)
The recession rate varies with wall angle, @, neasured from the vertica

so that 8 = 90 is an upward facing surface and 6 = -96° i s a downward
facing surface, according to:

ar = dar os 0811/2
at gyo at g=0 3
B 6 + 45° (2)
45¢°
ar = dr 1+0.22 4 =~ " ____ 4%
at g<o at 6=0 45¢°



To use these recession rate correlations to calculate cavern formation
shapes, the specific gravity of the brine as a function of height nust be
det er mi ned.

If it is assuned that, except for the buoyant plume region above the
fresh water injection point and the salt surface boundary |ayer, the radial
concentration gradient is negligible, the theory of stratified enclosures
can be used to find C

Rahm and walin®:7:8 have devel oped an approximte theory for treating
combi ned natural and forced convection in stably stratified enclosures where
the natural convection is induced by wall sources weak enough so that the
thermal or concentration boundary |ayer variations aresnaller than the
total vari ation due to stratification. The resuitof this analysis is that
the variation of specific gravity with height in the bulk of the fluid is

given by Equation (3) for axisymmetric caverns.

A
ac + (Mo - 2par)ac 4 P20 €7 P a% (3)
at A r dz/ dz xr cos 6 032
wher e My is the total externally induced volume flow rate

Ais the cavern cross sectional area

Dis the diffusion coefficient of salt in water

r is the cavern radius

z is the vertical distance fromthe cavern bottom

Sq is a source coefficient defining the wall boundary
ac

A BE g=0
C is the specific gravity of the fluid at the wall

condition by = 84 (C - 6)
(¢ = 0). Taken to be the saturation value of 1.202
tis time

and g is the wall angle with respect to vertical

Equation (3) is a nass conservation equation which bal ances the rate
of salinity increase (first term with the sum of the net convective fl ux
(second term, the rate of salt dissolution at the wals(third term and
the diffusive flux (last tern).
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Equation (3) holds outside the plume region above and bel ow the stagna-
tion level (the level at which the buoyant plunme grows |arge enough to inter-
act with the walls, see Fig. 1). At the stagnation level the value of specific
gravity is used as a boundary condition for the solution of Equation (3)
along with a zero derivative condition at the upper boundary and a saturation
condition at the |ower boundary. The stagnation |evel specific gravity is
determ ned by a mass bal ance between the injected fluid, and dissolved and
diffused salt in a control vol une. For either reverse leaching (injection
poi nt above the production point) or direct l|eaching (injection point below
the production point) the control volume is the region between the injection
and stagnation |evels. The stagnation level is estimated from a sinple
unconstrained buoyant plume nodel.

Pl ume Mbdel .

Since the mxing within the plume is usually rapid, an analysis of
plume dynamics based on the assunption of a uniform specific gravity and
velocity within the plume (top-hat nodel) is appropriate. Morton? presents
the results of such an analysis as a set of equations which describe the
dynam cs of an unconstrained steady plune.

2
d (b u) = 24bu
dz

2 .2
%= 2 b%g (c, = C) (4)
Z

d (b2 c -¢C ac
( ug (c )) -2 b2 ug °
dz dz

where b is the effective plume radius
Cand c, are fluid specific gravities in and out of
the plune
uis the plune velocity in the vertical (z) direction
g is the acceleration of gravity
and a is an entrainnment coefficient
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Wen the plunme is rising through a stably stratified fluid (3 co/dz < 0)
it will rise to a certain level and stop, and its radius will grow indefinite-
ly- This level is denoted by the plume stagnation level in Figure 1. |f
the plume is rising in an unstably stratified fluid, it will continue to
rise and grow until it interacts with the cavern walls which then constrain
the plunme and change its rise rate. The level at which this interaction
occurs (the level at which the plune radius equals 0.7 of the cavern radius)
will also be denoted as the plune stagnation |evel, because in either case
the entire plume flow is deposited in the fluid cell containing this |evel.

Di ffusi on Mdel.

The diffusion coefficient, D, which appears in Equation (3) is a strong

function ofwhether the brine is stably or unstably stratified. For stable
concentration gradients, D is just the nolecular diffusion coefficient,
Dpo1+ Which is very small (1.4 x 1073 cm?/sec). However, when the concen-
tration gradient is positive (unstable case), a much larger eddy diffusion
coefficient, Dg, must be used. An instability analysis given in Reference
2 indicates that an appropriate mixing length, %, to use in calculating

De When wal | effects are ignored is

3/4
g =[{6n 2v2 c\1/4
& ac g (5)
dz
where « is the entrainment coefficient
v is the local kinematic viscosity of the brine
and g s the gravitational acceleration.

If it is assumed that the eddy diffusion coefficient is proportional to the
product of velocity and mixing length, and the nmixing length is taken as the
m ni mum of cavern radius r and 2 (as given in (5))

D, = D, (ac/az)¥/2 Mn (£2, 22) (6)
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Equation (6) is the final form of the eddy diffusion coefficient to be used

in Equation (3) where b = Dy + Dg- The val ue of D used was 31.7 f££1/2

/sec
taken from the data of Reference 10, and the value of « in Equation (5)
which best fit a limted amount of data taken from Bryan Mund wel |l 104 was
0.064. This value of g is not far from other experimentally deternined

val ues for buoyant plunes which are typically about 0.08.°

I nsol ubl es Model .

Part of the input data required to run SANSMIC is the specification of
the volume percent of insolubles in the salt formation. A sanple of salt
fromthe dome at Bryan Mund, Texas, was analyzed to determine the insoluble
particulate size distribution. Most of the insolubles were anhydrite parti-
cles between 20 and 400 micrometers average diameter, with a peak at 250
mcroneters. Assuming Stokes drag on spherical particles, the settling
velocity for each particle size over the range 0 to 400 microneters was
calculated and the integrated fraction that would fall out in an upward
velocity field was calculated as a function of fluid velocity. A curve fit
to these results, Equation (7), is included in the code to establish the
fraction of insolubles that fill the cavern sunp or are discharged.

f = 0.5/(1L + 0.00231 v) + 0.5 e~0.-002v (7

where f is the total fall fraction
and v is the upward fluid velocity (ft/hr).

The code keeps account of the insolubles that fall and raises the sunp
floor accordingly as well as increasing the wall recession rate in proportion
to the insolubles freed at each level.

Nunerical Method.
The cavern space to be solution mined is divided into N equal Sized

vertical increments with a mesh point located at each of the N + 1 boundary
planes. Al values within an increnent are assuned to be represented by the
value at its |ower boundary. The initial radius and concentration for each
increment, the oil-brine interface level, injection and production |evels,
and the injection flow rate are defined for each case.
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At every third time step the Equations (4) are solved, using the Sandia
system library integration routine ODE, for the plume concentration, flow
rate, and stagnation level. At each tine step the concentration in the mesh
increment containing the stagnation level is updated by a mass bal ance between
the injected fluid, the remaining brine in the increment volunme, and the
salt which diffused and dissolved during one tine step. This concentration
serves as one of the boundary values for the solution of Equation (3) above
and bel ow the stagnation |evel.

All the terns except the convective one in Equation (3) are inplicitly
center differenced in conservation form Upwind differencing is used on the
convective term The difference equations are solved with a tridiagonal
algorithm The diffusion coefficient is a function of specific gravity
gradient and is cal cul ated by

1/2
D= Dy 4 90@+ Mn (2, 12) (8)

where Dyoy is the nolecular diffusion coefficient, (dc/dz), is the specific
gravity gradient when positive, and is zero when the specific gravity gradient
is negative. The coefficient by is an enpirically determned eddy diffusion
parameter, and the mixing length & is deternmined from Equation (5) with
a = 0.064.

After the solution of Equati on (3), the new concentrations are used to
calculate the wall recession rate from Equations (1) and (2). The cavern
radii are updated and the coefficients of Equation (3) reevaluated in prepara-
tion for the next tine step.

Since the plune Equations (4) and the concentration Equation (3) are
tightly coupled and solved sequentially, some nunerical oscillation or bounc-
ing of the plume stagnation |evel can occur. In order to stabilize the
plume and linmt the errors due to this oscillation, the stagnation |evel has
been restricted to lie within two nesh intervals below the |evel previously
calculated (it can fall by only tw spaces at a tinme). Since the time
quired for the plume to find a stable level is small conpared to the |each-
ing time, this approximation should introduce little error.
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The solution to any differential equation is determned by its boundary
conditions. The boundary condition at the stagnation level is conputed at
each time step fromthe valuesatthe previous time step and errors tend to
accumulate. The cavern volume and shape are very sensitive to the boundary
values used, so it is inportant to linit the errors on these val ues. Thi s
is acconplished by performing aglobal nass balance at each tinme step and
computing a correction factor for the concentrations and boundary conditions
to be used in the next time step. This forces the mass concentration in
the time integration to follow a self-consistent and self-correcting path.

The total nmass of brine in the cavern, UT, is conputed by the tine
integra

N
Mp = mgq + _!; )E: %,S:—R Csalt + 21 Ci = (Q + Qfi11) Cp) dt  (9)
wher e Qo is the outlet volume flowrate for no oil flow
Qfi11 IS the oil volunme flow rate
Cp is the brine S.G at the production |eve
Tis the tine period
VSR is the volume of salt renoved fromthe increnent
Az in the time increnent At
meo IS the initial mass of brine in the cavern
and N is the nunber of nesh intervals used
The total mass of brine in the cavern, Mg, can also be conmputed by

N

M, = z nr?(1) Az C(1) (10)

=1

and the correction factor for the stagnation |evel boundary condition is then
found by

=
3

Corr. Fac= _1 (11)

&



This factor is always close to 1 and is printed out with each result. A
value of 1 for the correction factor only neans, of course, that the calcul a-
tion is self-consistent, and not that it is nodeling any physical situation

correctly.

Dissalution Rate Correction.

When the previously described nmbdels and nunerical nethod are conpared
to field data, it is found that for cases in which reverse leaching is em
ployed, with the injection point well below the protective roof oil blanket
the dissolution rate is larger than predicted by Equation (1). It is believed
that this occurs because, as is noted at the beginning of the Theory section
the dissolution correlations are only valid when the bulk fluid flow velocities
are much | ess than the peak boundary layer velocity. For the case described
above, the plume rising near the center of the cavern and the return flow
al ong the periphery generate a toroidal vortex, the velocity of which may be
nuch greater than that calculated for plain plug flow.

An accurate nodel of the vortical velocity field, which is a function of

raw water injection rate, pipe string settings and cavern geonetry, has not

yet been included in the code. Instead a nodel based on heuristic arguments

and some enpirical fits has been used to calculate a dissolution rate coxr-
rectionterm Egjgge FOr the region between the injection height, zi,
and the oil blanket height, Zb

0.25
Egjss = 0. 0067 MIN(LAz/200,2,R/25) Q [(1-L,)L,]

and bel ow Zi

Egiss = Eaiss 24 e 25 Iy
where L, = L,/L
L = (2b-2i)1.15/Az
Ly, =L-(zZ-z)/Az
AZ = length of a vertical mesh increnent
and R = cavern radius at the injection |eve
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RESULTS

Conparison with SALT77.
The SMRI code (sSALT?77) has been verifed for the cases of bottominjection

and brine removal at the top (direct |eaching) and top injection and bottom
bri ne renoval (reverse |l eaching)"'. Since adegree of confidence has been
established for the SMRI code for the sinple direct and reverse |eaching
cases, the first conparison to be nmade will be for |eaching through a 0.625
foot radius borehole in the direct node for 40 days at aflow rate of 10603.5
ft3/hour (1322 gallons/nminute) ofwater with a specific gravity of 1.0108,
and then in the reverse node atthe same flow rate for 100 days. Figure 2
shows a conparison of the cavern shapes calculated with the SMRI code and
the new code. The cavern shapes are alnost identical differing only near
the injection region by about 10%  The overall cavern volunes differed by
5.5% at the end of the mining process. The produced brine saturation percent
differed by less than 0.3%

Bryan Mund Cavern 106.

Data are available fromthe direct |eaching of Bryan Mund Cavern 106.

Two wells, A and B, were sinultaneously |eached for one day ataflow rate
of 1507 f£t3/hr, then for 84 days at an average flow rate of 6596 ft3/hr.
The injection water was assunmed to have a specific gravity of 1.0108. A
7-inch injection tubing was set at a depth of 4450 feet and a 10.75 inch
production casing was set at a depth of 2280 feet. The initial borehole
size was taken to be 15 inches in dianeter. In actuality, the two wells
woul d eventual |y coal esce with each other and with a third well started
later, thereby formng Cavern 106. Al simulations and data discussed here
are for the period when each well formed a separate cavity. Thi's case was
sinmulated with both the SMR code and the new code negl ecting insol ubles.
The results are shown in Figure 3 along with sonar caliper data taken by the
Dowel 1 Corporation between July 2 and July 6, 1980. The radii data plotted
in Figure3 are effective radii, which, if the cavern cross section were
circular give the same area as that neasured (the same as the RMS radius).
The cal cul ated curves practically fall on each other, differing by 2% or
| ess over the whol e depth but both underestinate the neasured vol ume by

-17 -



about 20% Thi s discrepancy could be caused by a nunber of factors. First,

the accuracy of the flow neasurenents is not known. Error estimates of 20%

have been nade for some measurements. The assuned tenperature for all cal cu-
lati ons was 75°F but the exit tenperature of the brine was as high as 98er
during sone of the |eaching. The insol ubles content was negl ected (about
7% . The calculations assume an axisynmetric geonetry but the actual cross
sections were not circular. This fact can be significant becausethe |arger
surface to volume ratios would cause more salt to dissolve than was estimated.
The sonar data were taken in eight directions (5% accuracy is typical for
radius sonar data), and if the average value of the radii are taken rather
than the RMS value,the results are quite different--indicating a large devi-
ation from circularity. Figure 4 shows the average radius data plotted
with the cal cul ated values. This plot indicates a better fit and the cal cu-
lations even seemto overestimate the cavern size slightly. The asymetries
in the dissolution of the cavern can be caused by the presence of highly
soluble sylvite deposits, uneven distribution of anhydrite or other insolu-
bl es, or uneven convective mxing of the injected water, none of which can
beaccounted for in an axisymmetriccal cul ation. Considering all the assunp-

tions that were made, the calculated results seemas good as can be expected.

Conparison with Field Data.

Data fromtwo caverns at West Hackberry, 1A, which were |eached in the
direct node are shown in Figures 5 and 6. Figure 5 shows cal cul ated and
nmeasured cavern effective radii after 147 days of leaching with the injection
| evel atadepth of 5000 feet. The calculated and neasured volune agree to
within 3%, but the calculated radii near the bottomare |arger than the
sonar neasurenents by up to 16% near the bottom of the cavern. The average
nmeasured flow rate of 123,880 barrels/day* is probably fairly accurate since
the volumes agree so well. Since the injection point was, at the end of the
flow, buried several hundred feet below the insolubles level, there was a
large quantity entrained insol ubles suspended in the | ower cavern region,
which may have reduced the dissolution ratein that region. |If that is not
the cause of this discrepancy, nodifications to the plume mxing and dissol u-

tion nmodel s shoul d be consi dered.

*1barrel = 5.61458 f¢3
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Figure 6 shows a simlar conparison for cavern WH104 after 156 days of
leaching with an average neasured flow rate of 138,404 barrels/day. The
calcul ated volume is 12% greater than the measured vol une which indicates
that the flow measurements are probably high. The sane pattern of overpre-
dicting the cavern radii at the lower end, in this case by 20s, i s apparent
in Figure 6. For smaller dianeter caverns, where the depth of insolubles is
not so large, this overprediction has not been observed.

After the sunp chimey phase of cavern devel opnent is finished, the
injection level is usually raised to several hundred feet bel ow the cavern
roof and the first phase of reverse |eaching is begun. Figure 7 shows a
conpari son of calculated and neasured cavern shape for cavern WH101 at the
end of this phase (189 days). The calcul ated and measured volumes are within
2% of each other, but the maximumradii differ by 15%  The cal cul ati on near
the top of the cavern is strongly influenced by the dissolution rate correc-
tion nodel described in the theory section, and since this is a rough approxi-
mation, such deviations can be expected

Figure 8 shows the same kind of conparison for cavern wH104. In this
case, the volumes differ by 4% and the cal cul ated maxi mumradi us is al nost
exact, however, near the neck of the upper bulb, the calculated radii are up
to 25% too large. The injection |evel was set 200 feet bel ow the oil bl anket
level in this case.

The injection level for the corresponding stage in Bryan Mund Cavern
106 was set 630 feet below the oil blanket and the conparison between neasured
and cal cul ated cavern shape is shown in Figure 9. The total measured cavern
volume is only 1%l ess than the calculated value. Near the bottom of the
upper bulb, the radii differ by about 20% for the same reasons nentioned
previously. In addition to errors in the dissolution rate nodel, it should
be renmenbered that the cavern radii shown are effective values, and that in
sone cases, including BM106, the actual crosssection deviates markedly from
circularity so that the axisymretric approximation is poor. The difficulty of
accurately predicting cavern shape when there is narked deviation from axia
symetry is shown again in Figure 10. Bryan Mund cavern 104 was | eached
by coal escing three separate wells at the bottomand then | eaching fromthe
top down in one well to further enlarge the cavern. SANSM C, being an axi-
symretric code, had to utilize effective radii obtained from conposite cavern
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vol une data which change the physics assumed in the hueristic dissolution
nodel near the top of the cavern. Despite this, the total volume calcul ated
is within 1% The cal culated depth of the upper bulb is about 25% too small
however. Unfortunately, there does not appear to be any sinple generalization
about how the calculations will deviate fromthe nmeasured radii. Bryan Mund
cavern 105 was al so coal esced fromthree wells and the shape conparison is
shown in Figure 11. Here the bulb depth is correct but the calcul ated peak
radius is too snall. In this case, however, the cal culated volume is also
10% too small which indicates that the flowrate data is too low (volune data
should be in better agreenent). If the flow rate data is adjusted to bring
the calculated volume up to the measured val ue, the shape conparison shown in
Figure 12 is quite good.

An exanpl e of the use of the code to predict cavern growh during oil
withdrawal is shown in Figure 13. 'West Hackberry Cavern 11 is one of the SPR
phase one caverns (a cavern produced during conmmercial brining) which has
been filled with oil. The predicted change in cavern shape and volune as the
oil is withdrawn by displacement with fresh water and refilled for 5 conplete
cycles is indicated in this figure. The lower portion of the cavern, which is
exposed for the longest time since the oil blanket rises during wthdrawal,
enlarges at the fastest rate. This type of withdrawal prediction has been
made for each cavern to investigate the possibility of cavern coal escence and
to evaluate done subsidence.

CODE_USE

I nput Variabl es Description.

The input datafor a conplete cavern formation or oil transfer process
generally consists of one or nore data sets in sequence. Each set is made up
of several records which describe geonetry or flow paranmeters which renain
constant or varyin a specified way for a fixed amunt of tinmne. Each data
set corresponds to a specific leaching stage (for exanple, sunp, first reverse,
etc.). The first data set contains initial geometry and site parameters whi ch
are only read once and need not be repeated. Subsequent data sets consist of
only four card inages.
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The first data record contains up to 60 characters of identification,
ending with a "s".

The second data record contains values for the nine integer variables
NDIV, IDR, |PRNT, |REPT, |IRST, IWAIT, NCO, IDATA, and |VOL.

NDIV  The cavern is divided vertically into NDIV conmputational zones.
There are NDIV+l nesh points associated with these zones. The
first mesh point value corresponds to the value at the bottom of
the first conputational zone which is at the bottom of the cavern.

I DR An option selection index which lets the user choose between:

0 = Ordinary leaching (direct or reverse)
1 =01 wthdrawal node
2 = Sinul taneous | eaching and oil filling.
| PRNT Every IPRINT tine steps (of duration DT hours) a listing of
cavern status will be printed out. Regar dl ess of IPRINT, the

cavern status listing is printed at the start and end of each
stage (a stage is a data set).

| REPT Any change in variables during cavern devel opnent requires a new
data set. IREPT=1 tells the code that these new data are a contin-
uation of the same cavern; IREPT=0 for the first data set.

IRST At the end of each run, current cavern data are stored on TAPE 3.
To restart a conputation with the previous stored data set IRST=1;
ot herw se, IRST=0.

IWAIT There are IWAIT hours of workovers (zero flow rate) schedul ed at
the end of this stage.

NCO For cases in which identical |eaching operations are simultaneously
employed in 2 or 3 wells until they coal esce, SANSM C cal cul ates
the devel opnent of a single well until some point in the process
where at |east some portion of the wells have coal esced. In the
next stage data set new effective radii are calculated for a
single cavern having the same volume as the previous NCO wells.
When NCO is greater than or equal to 2, the variable SEP which is
the separation of the well centers nust also be provided.
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IDATA Since sonar data for a cavern areoften in the form of cumul ative

volume versus depth tables, it is convenient to have the option of
reading these in directly and having the conmputer performthe task
of converting themto effective radii and interpolating them onto
a vertical mesh. Setting IDATA = 1 pernits this. If the radii
are to be read in directly IDATA = 0.

IVOL When IVOL kilo barrels of total volune areleached, the |eaching

will end for the current stage. This pernmits stage volune instead
of time to be the controlling paraneter when the time is set to a
value larger than that required to leach IVOL kilo barrels. If
IVOL is 0, it is ignored.

The above variables are read with a (915) fornat.

The next record contains 16 floating point variables which describe the

stage parameters. All heights are in feet and are nmeasured fromthe original

cavern bottom (the bottom of the borehole). Al flowrates are in barrels

per day.
ZMAX

Z|
ZP
ZB

QI
RPI
RPO
RCAS|

Al times are in hours. The read format is (8EL0.2).

The total expected height of the cavern. zMax will be divided
into NDIV regions.

The height of the injection string bottom

The hei ght of the brine production string bottom

The height of the oil blanket. If not known for a repeat stage
enter 0.0.

The raw water injection rate.

The inside radius of the inner tubing (inches).

The outside radius of the inner tubing (inches).

The inside radius of the casing (inches).

RCASO The outside radius of the casing (inches).

SG
SCCF

DT

TEND
QFI L

The specific gravity of the injected raw water.

The average specific gravityof the cavern brine

(ignored if IREPT=1).

Conputational time increment. Printouts occur every IPRNTxDT
hours.

The end tinme for the stage.

The oil injection rate (set to zerofor ordinary |each).
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TDLAY During an oil wthdrawal, the oil may stick to the cavern walls as
it is displaced by water. The time that this retards dissolution
i s TDLAY. Presently indications are that this should be set to
0.

SEP  For the case when Nco wells are to be coal esced, SEP is the separa-
tion (feet) between the well centers. When Nco is less than 2,
SEP is ignored.

Following the first four card inage data set (when IREPT=0) geonetrical
data must be supplied. The initial cavern radius at NDIV+l mash points nust
be read in or if IDATA has been set to 1, then depth and cumul ative
(from the cavern roof) volume (bbls) nust be read in from the bottom up.

For | DATA=O

NDIV+l radius values are read into the array RC with an 8E10.2
format.

For IDATA=1l:

The nunber of depth, volune data pairs is read into NDATA with an

15 format (1 card image). NDATA values of the depth are read into the

variable array DEPTH with an 8E10.1 format. NDATA val ues of the cunul a-

tive volune (starting with the largest) are read into the variable array

YYY with an 8E10.1 fornat.

The final record of the first data set (for any val ue of IDATA) consists
of four variables: ZDI'S, ZFIN, Rreroer and DEPTH which are read in a 4E10.2
format.

ZDIS The average salt dissolution factor (ratio of actual vertical Wall

dissolution rate to the nodel value). Unless special salt charac-
teristics are known, this value should be set to 1.

ZFIN is the average volune ratio of insolubles to salt.

REFDEP is a reference depth at which the plot abscissa begins (on code

versions in which the plot routines areoperative).

DEPTH is the depth of the cavern bottom

After the first data set has been read in, subsequent four card inage
sets with IREPT set to 1 can be used to continue the cavern devel opment or
wi t hdrawal process.
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In oil wthdrawal nmode (IDR=1), the production string |level ZP may be
set to the blanket level ZB and the tinme nay be set to a large val ue. The
withdrawal stage will end when the oil blanket rises to the cavern roof.

An exanple of an input data set is shown in Figure 14.

Qutput Listings.

The code will print out the input data for each stage with an 15 fornat
for the option card inmage and a 8F10.3 format for the other variables.

At each print interval determned by NPRNT and the tine step DP, the
following information is printed out:

The tine into a particular stage. This quantity is labeled TIM.

The tinme step DT.

The START TIME of the stage (the start tine plus the tine is the actual
time fromthe start of the conputation).

Six colums of nunbers which represent the variation wth height up
the cavern of effective cavern radius, brine specific gravity, wall angle,
flow rate, and curul ative cavern volume from the top down (barrels). The
flow rate, which is only Iisted between the stagnation and brine production
levels, is positive in the upward direction and is in barrels per day.

At the bottom of the colum listing these additional quantities are

printed out.
TOTAL VOLUME is the total free volume (that which contains a fluid)
of the cavern.
BRI NE ouT is the flowrate of brine out of the cavern; it is a

few percent less than the injection rate because of
the difference between the volune creation rate and
the brine expansion rate. PERCENT SATURATION i S the
product of two factors: the ratio of the dissolved salt
wei ght fraction to the saturation weight fraction,
and the ratio of the brine specific gravity to the
saturation specific gravity.

VOLUME OF | NSOLDBLES is the volume of insolubles (BBLS) that have fallen
into the sunp.
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VI NS VENTED is an estimate of the height of the fallen insolubles |ayer

above the original cavern (borehole) bottom
VOL OF INS VENTED is an estimte of the volunme (BBLS) of insolubles vented
based on fixed size distribution nodel

BLANKET LEVEL is the height of the oil blanket above the original cavern
bottom

BRI NE VOLUME is the volume of the cavern occupied by brine. (TOTAL
VOLUME-BRINE VOLUME is the volune of oil in the cavern.)

CFAC is a correction factor on the specific gravity boundary

conditions which insures a self consistent calculation
It should remain near a value of 1.0. If it does not
the calculation is not reliable
In addition to the printed output, a separate output file is witten
onto logical unit 3 (or TAPE 3). This file is witten in binary and contains
the information needed to continue the run into the next stage or to restart
and continue the calculation at a later tine.
The present version of the code contains plot calls which -utilize the
DI SSPLA routines rented from Integrated Software Systens Corporation. These
calls have been inactivated by conversion to comment statenents in versions
of the code which do not operate on systems where these plots packages are
avai | abl e.
An example ofthe printed output for a single time, corresponding to the
input of Figure 14, is shown in Figure 15
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CONCLUSI ONS

The solution mning code SANSM C has been devel oped for calculating the
formation of storage caverns in salt. It is applicable to axisymmetric
caverns having a single injection and production |evel. The code uses a
vertically stratified mass bal ance model to calculate the bulk brine salinity
which is coupled with an unconfined plune nodel and an enpirical dissolution
nodel to determine the wall recession rate. SANSM C has options for |eaching
with or without motion of the oil blanket so that leach-fill oroil wthdrawal
operations can be simulated. The raw water injection options include direct,
reverse and zero flow conditions. If know edge of the l|ocal insolubles
content or relative salt dissolution rate is available, it can be incorporated
into the calculations. The code is currently operational on the Sandia
CDC6600/7600syst em the CRAY and vAaX11/780 conputers.

Comparison ofthe code results with the SMRI solution mning code SALT77,
show good agreenent for small caverns in which the injection point is near
the top of the cavern and the brine production is at the bottomor vice
versa. The sinulation of the devel opnent of |arge SPR caverns has been
fairly successful. A nost all of the volume conparisons are within 5% despite
raw water tenperature fluctuations, cavern asymretries, and uncertainties in
the flow measurenents and' insolubles distribution. Local deviations in
radius of up to 20% have been seen in several caverns, however. It appears
that inprovenents in the flow and dissolution nodels as well as tighter
control of the input variables will be necessary to inprove the predictive
accuracy of the code.

SANSM C users are CAUTI ONED that the nodels enployed in this code are
steady-state or quasi-steady nodels and that the code has only been verified
with experinental data from SPR caverns which have large |ength-to-dianeter
ratios. These caverns werel eached with flow rates in the 105 barrel per day
range. Qperation in a different flow rate or geonetry range may not give
simlar accuracy. In particular, laboratory and field experience indicates
that water injected in short bursts, after which the enclosure is allowed to
stabilize, rises to the top of the enclosure with little mxing and tends to
etch out a narrow disk just below the blanket or pad. SANSMC will not nodel

this behavior properly.
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Figure 1. Cavern Geonetry and Flow Regions for Direct Leaching
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(037

UEST HACKBERRY 101 FROM 12/81 TO 7/82 8
46 o S @ L4 L L Q

2300.0  2020.9 120.6  2300.9  153600.0 3. 4.25
6.68 1.0025 1.2 3.e 93.0 0.0 0.0
5.00 43, 5.99 $6.17 54.85 54.14 53.51
51.82 50.53 49.14 48.13 47.21 46.76 46.43
44.24 43.46 42.56 42.43 42.47 41.30 39.86
39.19 38.07 . 36.24 35.97 34.81 34.02
32.65 31.80 . 30.04 29.55 an.11 28.73
26.98 0.63 0.63 0.63 8.63 9.63 0.63
1.0 9.05 4826.8  4826.8
FIRST REVERSE $
46 © 42 1128% O O O O
2300.0  2020. 2300.0  78000.0 3.75 4.25
6.68 1.0025 1.2 3.e 168.9 0.0 0.0
FIRST REVERSE $
46 © 25 1 e e e o 0
2300.0  2020.0 120.0  2300.0  135000.0 3.75 4.25
6. . 1.2 6.0 336.0 0.0 0.0
FIRST REUVERSE §
) 1 o0 e o e o
23e0.0  2020.0 120.6  2300.0  122000.0 3.75 4.25
6.68 1.0025 .2 6.0 216.0 0.0 0.0
FIRST REVERSE $
46 © S0 1 8 233 @0 o @
2300.0  2020.0 120.6  2250.6  142625.0 3.75 4.25
6.68 1,8025 1.2 . . 768.0 0.0 0.0
FIRST REVERSE $
46 @ _ 40 e o 0
2366.6 2020.9 1 128% ©2250.0  141792.0 3.75 4.25
6.68 1 Q025 2 6.6 240.0 .0 0.0
FIRST REVERSE $
46 © Se 1 o e o e o
2300.0  2020.0 126.0  2200.0  125000.0 3.75 4.25
6.68 1.0285 1.2 6.6 552.9 0.0 e.0
FIRST REVERSE $
46 © S0 1 ® 6430 O @
2300.0  2020.9 126.6  2200.6  72335.0 3.75 4.25
g.sa 1.0025 1.2 6.0 . 384.0 0.0 0.0
Figure 14. Sanple Input Data for SANSM C
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TINE. 25.13 DAYS PTe 3.800 HOURS START TIRE= @.00DAYS
HEIGHT RADIUS BRINE S.G. UALL ANGLE FLOU RATE VoLumE
2300.60 0.63 1.1088 180 00 .00 11.10
eese.o 27.69 1.1088 105.82 0.00 21466.36
2200.0 29.10 1.1069 92.42 ~-153000.02 45164.97
2150.0 31.92 1.1069 92.95 ~153000.602 73665.86
2100.0 34.25 1.1069 92.05 -153000.02 106483.93
2050.0 35.42 1.1069 97.24 -153000.02 141709.52
2000.0 46.89 1.1069 96.53 -153000.902 203211.9%
1950.0 46.88 1.1169 88.63 -153000.062 264686.75
1900.0¢ 44.49 1.1248 86.94 =-153000.02 320053.00
swvi850 . 41.51 1.1303 87.32 -153000.02 368267.75
1751840 39.78 1.1346 88.44 -153000.02 412537.81
38.78 1.1382 89.29 -153000.02 454606.38
17ee.o 38.53 1.1414 89.92 -153000.02 496156.22
1660.9 38.62 1.1442 96.16 -153000.02 S3788S.66
1600.0 38.81 1.1468 90.09 -153000.02 580015.50
1550.9 38.77 1.1490 90.15 -153000.802 628e77.88
1500.0 39.07 1.1512 98.41 -153000.82 664779.66
1450.0 39.49 1.1532 96.71 ~153000.02 708410.63
1400.0 40.30 1.18582 96.44 -153000.02 753857.SC
1350.0 40.26 1.187¢ 99.68 =-153000.02 799197 .50
1300.0 49: 4s 1.1587 90.73 -153000.82 844975.63
1250.90 41.53 1.1604 91.11 -153000.02 389323.. §0
1200.0 42.39 1.1619 90.48 -153000.82 943Se7.63
1150.0. 42.37 1.1634 90.13 -153000.02 993730. 00
1100.0 48.61 1.1648 90.89 =-153e00.028 1044537.66
1050.60 43.85 1. 1662 91.27 -153666.62 1098344.3S
1000.0 44.83 1.1679 90.44 ~-153000.02 1154577.88
966.e 44.62 1.1688 89.86 ~153000.02 1210277.38
Oee.e 44.59 1.1699 90.42 =-153000.02 1265$910.13
850.0 45.35 1.1711 90.830 -153000.02 1323443.7s
800.0 45.99 1.1722 96.97 =153000.02 1362621.63
750.¢0 47.03 1.1732 91.11 =153000.02 1444$10.13
700.0 47.93 1.1743 90.64 =-153000.02 1508787.2S
650.0 48.1§ 1.1782 96.33 =153000.02 1573652.38
600.0 43.50 1.1762 9e.67 -153000.02 1639466.38
§50.0 49: 33 1.1771 91.00 -153000.02 1707529.50
500.0 5.2 1.1779 91.28 -1S30e0.62 1778164.13
450.0 §1.5§ 1.1788 91.44 -153000.02 1852519.75
400.0 52.76 1.1796 91.14 ~153000.02 1930406.12
3s5e.9 s3: ss 1 1804 98.89 -153000.02 2010625.63
360.0 §4.31 1.1811% 90.76 =153000.02 2093143.00
as5e.¢9 S4.87 1.1818 96.70 -153000.02 2177387.25
200.0 65.53 1.1825 91.10 -153000.02 2263644.66
150.0 56.78 1.1832 90.59 -153000.02 2353871.06
100.90 $6.56 1.1839 82.58 -153000.02 2443360.75
50.0 43.76 1.2018 62.73 .00 2496926.25
.0 .00 1.2019 52.23 0.00 2497626.25
TOTAL VOLUME= 2473249.5 PBLS BRINE OUT= 147504.58 BBLS/DAY

OUTLET SPECIFIC GRAVITY. 1.1839
VOLUME O F INSOLUBLES- 24398.6. BBLS  INSOL LEVEL- 72.12 FT
BLANKET LEVELs 2300.00 CT UOL OF INS VENTED= 0.00 BBLS

BRINE VOLUME- 2473249.50 BBLS CFAC=  0.9990140

Figure 15. A Sanple SANSM C Qutput Page
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